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SCRAMBLED
STRUBBELIGns relate to the mechanisms that control signaling between the histogenic cell
layers of apical meristems and developing organs. The Arabidopsis putative atypical leucine-rich repeat
receptor-like kinase STRUBBELIG (SUB) regulates amongst others ﬂoral organ shape, the plane of cell division
in cells of the ﬁrst subepidermal cell layer of ﬂoral meristems, ovule integument morphogenesis, and root
hair patterning. Reporter assays using a functional translational fusion between SUB and EGFP indicate that
SUB expression is largely conﬁned to interior tissues in young ﬂowers, ovules, and roots. In contrast, SUB
mRNA expression can be monitored in all cell layers of those tissues. Speciﬁcally, SUB protein is not
detectable in cells that show a sub mutant phenotype. Rather, SUB is detected in directly neighbouring cells
in ﬂower and ovule primordia, or in cells that are separated from mutant cells by two cell diameters in the
root. Inhibitor studies corroborate a posttranscriptional regulation of SUB. Phenotypic analysis of sub-1
plants expressing a SUB:EGFP gene under the control of tissue and epidermis-speciﬁc promoters support the
notion that SUB-dependent signal transduction relies on the production of secondary intercellular signals.
The combined results indicate that SUB acts in a non-cell-autonomous fashion, functions in a radial inside-
out signaling process, and mediates cell morphogenesis and cell fate across clonally distinct cell layers in
ﬂoral primordia, developing ovules, and root meristems.
© 2008 Elsevier Inc. All rights reserved.IntroductionA salient question in biology relates to the intercellular commu-
nication mechanisms that coordinate the activities of cells during
organogenesis. Shoot apical meristems and ﬂoral meristems of
angiosperms are the ultimate source of above-ground plant organs,
such as leaves, ﬂowers, and ﬂoral organs (Steeves and Sussex, 1989)
and are organized into clonally distinct histogenic or meristem layers
(Satina et al., 1940; Tilney-Bassett, 1986). Cells of the outer epidermal
L1 and the directly subjacent L2 divide anticlinally (the plane of cell
division oriented perpendicular to the meristem surface), thereby
maintaining a layered structure. Cells of the L3 divide in an apparently
random fashion and make up the inner core of the meristem. The L1/
L2 and the L3 are also referred to as tunica and corpus, respectively.
Cells of all histogenic layers contribute to organogenesis (Satina and
Blakeslee, 1941; Satina,1945; Tilney-Bassett, 1986). The L1 gives rise to
the epidermis, while the L2 and L3 contribute to internal tissues ofartment of Botany and Plant
SA.
Innes Centre, Colney Lane,
l rights reserved.plant organs. The extent to which the individual L2/L3 layers
contribute to organogenesis can be variable indicating that the
histogenic layers must communicate to coordinate their development
(Stewart et al., 1974; Stewart and Dermen, 1975).
Classic studies established the experimental basis of histogenic
inter-cell-layer communication and its importance for normal devel-
opment (Tilney-Bassett, 1986; Szymkowiak and Sussex, 1996; Marco-
trigiano, 2001). More recent work has begun to unravel the molecular
mechanisms and functions (Ingram, 2004; Gallagher andBenfey, 2005;
Williams and Fletcher, 2005; Ingram and Waites, 2006). Regarding
morphogenesis it was shown that the epidermis both promotes and
restricts growth (Savaldi-Goldstein et al., 2007) and makes large
contributions to petal shape in Arabidopsis and Antirrhinum (Perbal
et al., 1996; Efremova et al., 2001; Jenik and Irish, 2001; Vincent et al.,
2003). Furthermore, laser ablation studies showed that the L1 layer of
the shoot apical meristem also controls the cell division pattern and
indeterminacy of subtending layers (Reinhardt et al., 2003).
These are just a few examples from the literature and they
highlight the role of the epidermis on the development of subjacent
layers and the importance of radial “outside-in” signaling mechan-
isms. Much also remains to be learned about mechanisms involved in
“inside-out” inter-cell-layer signaling in shoot and ﬂoral development
(Ingram, 2004). For example, there is evidence that several transcrip-
tion factors and small proteins, such as KNOTTED1, DEFICIENS and
GLOBOSA, or TERMINAL FLOWER1, migrate in a controlled fashion
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1996; Jackson, 2002; Conti and Bradley, 2007). That the epidermis
may be sensitive to signals coming from subjacent layers is also
indicated by the ﬁnding that several epidermis expressed receptor-
like kinases (RLKs), such as CRINKLY4 (CR4) from corn and its Arabi-
dopsis homolog ACR4, are required for epidermis development
(Becraft et al., 1996, 2001; Gifford et al., 2003; Watanabe et al.,
2004; Tanaka et al., 2007). A well-characterised inside-out inter-cell-
layer communication mechanism is involved in radial patterning of
the root where regulated movement of the transcription factor SHORT
ROOT from the inner stele to the outer endodermis is at the heart of
endodermis speciﬁcation (Nakajima et al., 2001; Gallagher et al.,
2004; Cui et al., 2007).
To gain more insight into the inter-cell-layer communication
mechanisms underlying ﬂoral development we are analysing the
STRUBBELIG (SUB) signaling pathway. SUB encodes a leucine-rich
repeat transmembrane receptor-like kinase (LRR-RLK) that is required
for ﬂoral organ shape, the development of the outer integument of
ovules, and stem development (Chevalier et al., 2005). At the cellular
level, SUB is involved in regulating cell shape and cell division planes
in the L2 layer of ﬂoral meristems and the L1-derived outer
integument of ovules. In addition, SUB, also known as SCRAMBLED
(SCM), controls speciﬁcation of epidermal root hairs (Kwak et al.,
2005; Kwak and Schiefelbein, 2007). Interestingly, SUB is likely to
carry an atypical or dead kinase domain, as biochemical tests failed to
show kinase activity and a catalytically active kinase domain is not
required for its function in vivo (Chevalier et al., 2005). How does SUB
signaling contribute to proper cellular morphogenesis of histogenic
layers in ﬂoral development? Does SUB act in a cell-autonomous
fashion, as shown for the RLKCR4 in epidermis differentiation (Becraft
et al., 2001), or does it rely on secondary intercellular signals as does
the brassinosteroid receptor BRI1 in organ growth (Savaldi-Goldstein
et al., 2007)? In this paper we provide evidence that SUB undergoes
posttranscriptional regulation, acts in a non-cell-autonomous inside-
out fashion, and participates in the coordination of cell morphogenesis
between cell layers during ﬂoral development.
Materials and methods
Plant work
Arabidopsis thaliana (L.) Heynh. var. Columbia (Col-0) and var.
Landsberg (erecta mutant) (Ler) were used as wild-type strains. The
sub-1mutant was described previously (Chevalier et al., 2005). Plants
were grown in a greenhouse under Philips SON-T Plus 400W
ﬂuorescent bulbs on a long day cycle (16h light). Dry seeds were
sown on soil (Patzer Einheitserde, extra-gesiebt, Typ T, Patzer GmbH
and Co. KG, Sinntal-Jossa, Germany) situated above a layer of perlite,
stratiﬁed for 4 days at 4 °C and then placed in the greenhouse. The
plants were kept under a lid for the next 7–8days to increase humidity
and support equal germination.
Recombinant DNA work
For DNA and RNA work standard molecular biology techniques
were used (Sambrook et al., 1989). PCR-fragments used for cloning
were obtained using PfuUltra high-ﬁdelity DNA polymerase (Strata-
gene). All PCR-based constructs were sequenced.
Reporter constructs
The SUB cDNA sequences were derived from the SUBc1 cDNA
(derived fromCol) already described previously (Chevalier et al., 2005).
All genomic sequences are derived from Ler. The individual reporter
constructs were obtained by PCR-based approaches using the
pCAMBIA 2300 backbone (www.cambia.org). PCR reactions weremade using PfuUltra High Fidelity DNA polymerase (Stratagene) and
constructs were veriﬁed by sequencing. Detailed cloning procedures
can be obtained from the authors. The SUB promoter fragment consists
of 3543 bp upstream of the start codon and 353 bp fragments
downstream of the stop codon. This includes 0.216 kb of 5′
untranslated region (5′ UTR) and 0.244 kb of 3′ untranslated region
(3′ UTR). A 6.5 kb ANT upstream genomic region was ampliﬁed from
plasmid MT76 (Schoof et al., 2000), the 5.6 kb upsream and 1.2 kb
downstream regions of WUS were ampliﬁed from plasmid ML61
(Bäurle and Laux, 2005), and a 3.373 kb upstream genomic fragment of
ML1 was ampliﬁed from plasmid pAS99 (Sessions et al., 1999). The
sequence encodinga translational fusionbetween theﬁrst 150 residues
of CYCB1;1, including the cyclin destruction box (CDB) and GUS (CDB:
GUS) was ampliﬁed from plasmid pCDB-GUS2 (Donnelly et al., 1999;
Didonato et al., 2004) (a gift from J. Celenza). The EGFP coding sequence
was ampliﬁed from plasmid pEZT-NT (http://deepgreen.stanford.edu;
gift from D. Erhardt). The GFP coding sequence, representing the
mGFP6 variant of GFP (Heim et al., 1995), was ampliﬁed from plasmid
pMDC83 (Curtis and Grossniklaus, 2003).
Generation of transgenic plants
Wild-type and sub-1 plants were transformed with different
constructs using Agrobacterium strain GV3101/pMP90 (Koncz and
Schell, 1986) and the ﬂoral dip method (Clough and Bent, 1998).
Transgenic T1 plants were selected on Kanamycin plates (50 μg/ml).
Eight (WUS::SUB:GFP sub-1), 10 (ML1::SUB:GFP sub-1), 19 (SUB::SUB:
EGFP sub-1), and 35 (ANT::SUB:GFP sub-1) independent transgenic T1
lines were isolated that exhibited a GFP signal and showed rescue of
aspects of the sub-1 phenotype. Further analysis was done with
representative T2 and T3 lines.
Plasmolysis
Stage 8 sepals of SUB::SUB:EGFP sub-1 plants were isolated, placed
on a slide, and mounted beneath a cover slip in distilled water. The
epidermis at the base of the sepals was immediately analysed for
SUB::SUB:EGFP activity using a confocal microscope (see below).
Subsequently, 1M sorbitol was applied from the side beneath the
cover slip and images of the treated sepals were acquired after 5 min.
Inhibitor treatments
Transgenic seedlings containing SUB::CDB:GUS, RGA::GFP:RGA or
SUB::SUB:EGFP constructs were germinated on vertical minimal media
plates. At four days, whole seedlings were transferred to liquid media
containing either inhibitor or solvent and incubated at standard
growth conditions with 100 μg/ml BFA and 50 μMMG132 for 1 and 4h,
respectively. Reporter expression was subsequently assayed as
described below. In addition, SUB::CDB:GUS seedlings were also
submitted to an overnight coincubation of MG132 and GUS staining
solution with no difference in the result (not shown).
Microscopy and art work
Confocal laser scanning microscopy was performed with an
Olympus FV1000 setup using an inverted IX81 stand and FluoView
software (FV10-ASW version 01.04.00.09) (Olympus Europa GmbH,
Hamburg, Germany). After excitation at 488 nm with a multi-line
argon laser GFP and EGFP ﬂuorescence (502–536 nm slit width) and
FM4-64 ﬂuorescence (610–672 nm slit width) was detected. One-way
scan images (scan rate 12.5μs/pixel, 512x512 pixels, Kahlman frame,
average of four scans) were obtained using an Olympus 40× water
objective (PlanApo 40x/0.90, WLSM). Samples were dissected under a
dissection scope, either in H2O or directly in FM4-64 (4 μM in H2O;
Molecular Probes/Invitrogen, Karlsruhe, Germany), and covered with
a 18×18 mm glass cover slip of 0.17 mm thickness (#1, Menzel-Gläser,
Braunschweig, Germany). For whole mount roots, seedlings were
taken from MS-plates, aerial parts were removed and roots were
Fig. 1. Comparison of expression patterns exhibited by the SUB::CDB:GUS and SUB::SUB:EGFP reporters. The FM4-64 stain was used to mark the outlines of all cells in a tissue. The
signals from the EGFP and FM4-64 channels are shown in green and red, respectively. (A) A longitudinal 10 μm tissue section showing SUB::CDB:GUS reporter activity in inﬂorescence
apices of 30 days old plants. The reporter exhibits a broad signal distribution that includes the top 4–5 cell layers of the inﬂorescence meristem and most cells of the stage 2 ﬂower
primordium located to the right of the apex. (B) A longitudinal 10 μm tissue section of a late stage 3 ﬂower primordium. The SUB::CDB:GUS reporter labels all cell layers of the central
dome. (C–G) SUB::SUB:EGFP reporter activity in inﬂorescence apices of 3–4 weeks old plants. The same stack of confocal images through an inﬂorescence apex (n=40, optical sections
separated by 1.5 μm) was analysed in those images. (C, D) A horizontal optical section (n=19, 29 μm from top of apex). Reporter activity is seen in a broad central domain of the
inﬂorescencemeristem. The four stage 1 and early stage 2 ﬂoral primordia showan adaxially restricted signal. (E) A reconstructed longitudinal section at the vertical level indicated in
(D). There is a subepidermal SUB::SUB:EGFP signal in the stage 1 ﬂoral primordium (arrowhead) while the signal in the stage 2 ﬂower is also seen in the epidermis (arrow). In the
center a signal is only seen in the L3 and deeper layers. The L1 (⁎) and L2 (⁎⁎) are indicated. (F) A reconstructed longitudinal section at the horizontal level indicated in panel D. The
arrow denotes the epidermal signal in the stage 2 ﬂower. (G) Surface-rendering of the image stack with the Surpass module of Imaris 5.0.3 software to highlight the spatial
relationship of reporter signal and tissue layers. Note the narrow signal close to the adaxial organ boundary of the stage 1 ﬂoral organ (arrowhead). The signal remains subepidermally
in early stage 2 primordium (⁎). The primordia labelled with (⁎⁎) and (⁎⁎⁎) denote older stage 2 ﬂowers. They also exhibit an epidermal signal. (H, I) Longitudinal optical sections
through a late stage 2 ﬂoral primordium. The SUB::SUB:EGFP signal is restricted to the adaxial half of the primordium. At the bottom it is still detectable in the epidermis (arrowhead).
At the top the signal is restricted to the L3 layer (arrow). (J, K) Longitudinal optical sections through a stage 3 ﬂower. In the center the SUB::SUB:EGFP signal is restricted to the L3. In
the developing sepal signal is also seen in the ﬁrst subepidermal cell layer. Epidermal cells of the sepal boundary exhibit a weak signal as well (arrowhead in panel K). (L–U) Reporter
activity during ovule development. Mid-longitudinal optical or tissue sections. (L, M) Stage 1 ovules. In early stage 1 ovules SUB::SUB:EGFP reporter activity is seen throughout the
primordium. In older stage 1 ovules, the signal becomes restricted to the proximal region of the ovule primordium. (N, O) Stage 2-III ovule. SUB::SUB:EGFP reporter activity is seen in
the interior tissue of the ovule with a faint signal still detectable in cells distal to the emerging integuments (arrowheads). No signal is seen in the initiating integuments. Note that
there is no detectable signal in the megaspore mother cell also. (P) A longitudinal optical section through a whole-mount stage 2-III ovule. The SUB::CDB:GUS reporter signal is seen
throughout the primordium including the initiating integuments and the megasporemother cell. (Q, R) A slightly older stage 2-III ovule than the one depicted in panels N, O. No SUB::
SUB:EGFP signal is seen in themegasporemother cell and the developing integuments. (S–U) Stage 2-V/3-I ovules. (S) An optical section through awhole-mount ovule. Note the broad
expression observed with the SUB::CDB:GUS reporter. (T, U) The SUB::SUB:EGFP signal is detectable in the chalazal nucellus and interior tissue of the funiculus. (V–Y) Reporter activity
in 4 days-old roots. (V) Whole-mount root preparation. SUB::CDB:GUS reporter activity is seen in the vasculature of the root. In addition, signal is detectable in a broad region of the
root meristem. The line labelled with the asterisk corresponds to the section depicted in panelW. (W) A transverse 5 μm tissue section of a root at the level outlined in panel V. A broad
SUB::CDB:GUS reporter signal distribution can be seen that includes the stele, endodermis, cortex and epidermis. The lateral root cap cells do not exhibit staining. (X, Y) Mid-
longitudinal optical section. Note the difference to panels V,W. The SUB::SUB:EGFP reporter is only detectable in the stele, although onlyweakly in the pericycle. No label is seen in the
endodermis, cortex, or epidermis. Abbreviations: cort, cortex; end, endodermis; epi, epidermis; fu, funiculus; ii, inner integument; mmc, megaspore mother cell; oi, outer
integument; peri, pericycle; ste, stele; QC, quiescent center. Scale bars: (A, V, W) 25 μm, (B–U, X, Y) 10 μm.
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a dissecting scope in H2O, stained for 10–20 min in FM4-64, and
placed in an upright position on a depression slide beneath a cover
slip. Slides were inverted for imaging. Stage 3 ﬂowers were dissectedin H2O and stained in FM4-64 for 5–10 min. Ovules were dissected
from young carpels buds in FM4-64. Confocal Z-stack imaging was
performed using sections, separated by either 1 μm (ovule, ﬂower
meristem, root) or 1.5 μm (inﬂorescence meristem). Resulting stack
Fig. 2. Effect of the SUB::SUB:EGFP transgene on plant development. The individual
genotypes are indicated. (A–C). Scanning electron micrographs of stage 4 ovules. (B, C)
The ovules appear normal. (D–F) Stage 14 ﬂowers. (E, F) Floral morphology appears
normal. (G–I) Main stems of 30 days old plants. (G) Note the twisting in a sub-1 stem. (H,
I) Stems appear normal. (J–L) Scanning electron micrographs depicting carpels from
stage 13 ﬂowers. (J) Note the twisted and kinked carpel of a sub-1 plant. (K, L) Carpels
appear normal. (M, N) Plant stature (31 days old plants). (N) The SUB::SUB:EGFP sub-1
plant (left) is indistinguishable from wild-type (right). (O, P) Localisation of SUB::SUB:
EGFP reporter activity in basally-located epidermal cells of sepals (stage 8 ﬂowers) in a
plasmolysis experiment. Arrowheads indicate identical cells. (O) Tissue kept in water.
The label marks the outlines of the cells. (P) The same tissue as in panel O observed
5 min after addition of 1 M sorbitol. The label highlights plasma membrane
invaginations. Abbreviations: TG, SUB::SUB:EGFP. Scale bars: (A–C) 20 μm, (D–I)
0.5 mm, (J–L) 100 μm, (O, P) 10 μm.
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Switzerland). Longitudinal (Z–X) views of inﬂorescence meristem
stacks were also generated using Imaris 5.0.3.
Preparation and analysis of propidium iodide-stained samples for
confocal laser scanning microscopy, scanning electron microscopy,
and histochemical localisation of β-glucuronidase (GUS) activity in
whole-mount and sectioned tissue was done essentially as described
(Jefferson et al., 1986; Clark et al., 1993; Schneitz et al., 1995; Masucci
et al., 1996; Schneitz et al., 1997; Sieburth and Meyerowitz, 1997).
Plants or various plant organs were analysed under an Olympus SZX12
stereo microscope. Sections were analysed using an Olympus BX61
upright light microscope. Images were obtained using a ColorView III
digital camera (Olympus) and Cell^P software (version 2.4 build 1131,
Olympus), saved as TIFF ﬁles, and adjusted for color and contrast using
Adobe Photoshop CS2 (Adobe, San Jose, CA, USA) software. Composite
ﬁgures and line drawings were generated using Adobe Photoshop CS2
and Adobe Illustrator CS2, respectively.
Results
Expression pattern of the SUB::CDB:GUS reporter
Previous in situ hybridisation experiments indicated that SUB has a
broad expression pattern in shoot apical meristems, young leaves,
ﬂowers, ovules, and roots (Chevalier et al., 2005; Kwak et al., 2005). To
facilitate further expression studies we aimed to generate a SUB
promoter-GUS reporter (SUB::GUS) that mimics the established
endogenous SUB expression pattern. To minimize artifacts due to
the stability of GUS a translational fusion of a cyclin destruction box
(CDB) to GUS was used (Donnelly et al., 1999; Didonato et al., 2004).
This leads to the degradation of CDB:GUS at the end of mitosis. The
expression pattern of SUBwas assayed using corresponding transgenic
SUB::CDB:GUS plants (see Materials and Methods). CDB:GUS activity
was assayed in inﬂorescence and ﬂoral meristems, young ovules and
main roots (Fig. 1) as well as in seedlings, lateral roots, leaves, and
older ﬂowers (Supplementary Fig. S1). In particular, the SUB::CDB:GUS
reporter labeled all cell layers of the inﬂorescence meristem, ﬂoral
stage 1 and 2 meristems (ﬂoral stages according to (Smyth et al.,
1990)), and all cell layers of the central dome in ﬂoral stage 3
primordia (Figs. 1A, B) and of the developing ovule (Figs. 1P, S). A more
deﬁned expression domain was seen in the main root where reporter
activity was detected in the root meristem, but not in the columella
and lateral root caps (Figs. 1V, W). Within the root meristem staining
wasmostly uniform in the stele, endodermis, cortex and the quiescent
center. In contrast, the root epidermis exhibited variable staining. In
some specimens all epidermal cells stained well (Fig. 1W) while in
others the epidermal pattern appeared patchy (not shown). In the
regions above the root meristem reporter activity was more uniform
and always restricted to the stele (Fig. 1V). In summary, in all tissues
assayed the SUB::CDB:GUS reporter exhibited a spatial and temporal
expression pattern that was essentially identical to the reported SUB
expression pattern.
Expression domains of the SUB::SUB:EGFP protein reporter
It is of importance to compare the spatial protein and mRNA
expression patterns of a given gene. As several attempts at raising
antibodies against SUB failed we resorted to a different strategy. To
this end we made use of the promoter fragments that can direct
expression identical to the one of endogenous SUB mRNA. Transgenic
plants were generated that carried a carboxy-terminal translational
fusion of SUB and the enhanced version of green ﬂuorescent protein
(EGFP). The SUB::SUB:EGFP construct used was designed to include
promoter fragments identical to those in the SUB::CDB:GUS construct
described. We concluded that the SUB:EGFP fusion protein was
biologically active as most aspects of the sub-1 phenotype wererescued in sub-1 plants carrying the SUB::SUB:EGFP construct (Fig. 2,
Tables 1, 2). Speciﬁcally, plants exhibited a normal, rather than
twisted, stem with a regular plant height, normal ﬂoral organ shape
and regular integument development. Rescue of cell division plane
defects of the L2 layer in stage 3 ﬂowers (Supplementary Fig. 3) was
also observed. The number of ﬂoral organs was still slightly reduced
(Table 1) and 93% of the mature ovules looked normal (n=320). At an
intracellular level the SUB:EGFP fusion protein was detected at the
plasma membrane (Figs. 2O, P). As the promoter fragments in the
construct recapitulated the spatial expression pattern of SUB these
remaining defects likely relate to transgene expression levels. Ler and
sub-1 plants carrying the SUB::SUB:EGFP reporter showed no differ-
ence in reporter activity and no phenotypic alterations were seen in
Ler plants harboring the transgene (not shown).
Table 2
Periclinal cell division planes in L2 layer of stage 3 ﬂowers
Genotype N periclinal cell division
planes
N ﬂoral
meristems
Percentage
sub-1 35 84 41.7
Wt-Ler 0 46 0
ML1::SUB:GFP sub-1 4 62 6.5
ML1::SUB:GFP WT-
Ler
1 63 1.6
SUB::SUB:EGFP sub-1 3 45 6.7
SUB::SUB:EGFP WT-
Ler
3 42 7.1
N=number.
Table 1
Flower organ rescue of sub-1 by various mutant constructs
Genotype Sepals Petals Stamens Carpels N
Wt-Ler 4±0 4±0.2 5.5±0.7 2±0 36
sub-1 3.8±0.5 3.7±0.6⁎ 5.1±0.7⁎ 2.1±0.3⁎ 86
ANT::SUB:GFP sub-1 4±0 4±0 5.2±0.7⁎ 2±0 101
ANT::SUB:GFP WT-Ler 4±0 4±0 5.4±0.6 2±0 80
WUS::SUB:GFP sub-1 3.9±0.1 3.9±0.1 5.1±0.7⁎ 2±0 80
WUS::SUB:GFP WT-Ler 4±0 4±0 5.4±0.6 2±0 87
ML1::SUB:GFP sub-1 4±0 4±0 5.3±0.7 2±0 64
ML1::SUB:GFP WT-Ler 4±0 4±0 5.4±0.5 2±0 60
SUB::SUB:EGFP sub-1 3.9±0.1 3.9±0.1 5.2±0.7⁎ 2±0 103
SUB::SUB:EGFP WT-Ler 4±0 4±0 5.8±0.5⁎ 2±0 97
N=number of ﬂowers.
Values are±standard deviation.
⁎ Student's t-test values statistically signiﬁcantly different to WT-Ler, Pb0.05.
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tissues, including the inﬂorescence meristem, young ﬂowers, devel-
oping ovules, and roots (Fig. 1). In the inﬂorescence meristem of 30
days-old plants SUB::SUB:EGFP was detected in the L3 and deeper
inner layers of the apical meristem (Figs. 1C–G). A dynamic SUB::SUB:
EGFP pattern was observed during early ﬂoral development. In ﬂoral
stage 1 ﬂowers a small patch of adaxially-located (facing the apical
meristem) signal was observed in the L2 and L3 meristem layers (Figs.
1C–E, G). By early stage 2 a small portion of the adaxial epidermis
exhibited a signal as well (Figs. 1E–G). These cells are located at the
organ boundary. In later stage 2 ﬂowers the signal in L2 and L3 tissue
had expanded to include the adaxial half of the primordium in
addition to the adaxial epidermis expression observed (Figs. 1H, I). In
ﬂowers of early stage 3 the reporter was detected in the L3 of the
central dome and the L2 and L3 in developing sepals (Figs. 1J, K).
Further, a small number of epidermal cells, situated at the boundary
between the developing sepal and the central dome of the ﬂoral
primordium, also exhibited a weak signal.
Similarly, a dynamic expression patternwas observed for the SUB::
SUB:EGFP protein reporter during ovule development. At early ovule
stage 1 (Schneitz et al., 1995), a SUB:EGFP signal was detected
throughout the entire ovule (Figs. 1L, M). By stage 1-II, however,
expression was restricted to the proximal half of the ovule. In
particular, expression was patchy or absent in the distal epidermis.
During stage 1 strong signal was also seen at the boundary of two
ovule primordia. At stage 2-II/III, SUB::SUB:EGFP reporter expression
could not be detected in the epidermal cells undergoing integument
initiation (Figs. 1N, O). The integuments of Arabidopsis ovules are
entirely of L1 origin and L2-derived cells usually make up the inner
tissue (Schneitz et al., 1995; Jenik and Irish, 2000). By stage 2-III, the
reporter was restricted to sub-epidermal tissue of the ovule (Figs. 1Q,
R). At late stage 2-V the signal was seen only in the internal cell layers
of the chalazal nucellus, chalaza and funiculus (Figs. 1T, U).
In the main root SUB::SUB:EGFP reporter activity could only be
observed in the vasculature and its initials (Figs. 1X, Y). Identical
expression of the reporter was seen in main roots from two, four, six,
and eight days-old seedlings. Reporter signal was also detected in
lateral roots (Fig. 3, Supplementary Fig. S2).
Overall, the observed dynamic and more restricted cell-layer-
speciﬁc SUB::SUB:EGFP reporter activity in the assayed organs
contrasts with the broad and uniform SUB expression as monitored
by in situ hybridisation and SUB::CDB:GUS reporter experiments. One
possible reason for the absence of detectable SUB::SUB:EGFP reporter
signal could be rapid, layer-speciﬁc endocytosis and degradation of
the SUB:EGFP protein. Receptor internalisation was for example
shown for the receptor kinases BRI1 and FLS2 (Russinova et al.,
2004; Robatzek et al., 2006; Geldner et al., 2007). To test for SUB:EGFP
internalization we analysed lateral roots of 4 day-old SUB::SUB:EGFP
seedlings treated with brefeldin A (BFA) (Figs. 3A–F). In Arabidopsis
roots BFA treatment results in the aggregation of endosomal andtrans-Golgi network vesicles, so-called BFA compartments that are
also labelled by the dye FM4-64, and a block in the recycling of plasma
membrane proteins such as PIN1 (Geldner et al., 2003; Richter et al.,
2007; Teh and Moore, 2007). SUB::SUB:EGFP reporter signal could be
detected in BFA compartments in cells of the stele but not of the
endodermis, cortex or root epidermis although BFA compartments
could be observed in those cells as well (Figs. 3D–F). This ﬁnding
indicates that SUB undergoes internalization and BFA-sensitive
recycling to the plasma membrane in cells of the root vasculature.
The result is not compatible, however, with the notion that SUB is
internalized in the endodermis, cortex and root epidermis.
Using the proteasome inhibitor MG132 we next asked whether a
MG132-sensitive process could degrade SUB:EGFP in cells of the main
root. First we tested whether the application of MG132 to 4 day-old
seedlings affected the expression of the SUB::CDB:GUS reporter. As can
be seen in Figs. 3O, P this was not the case, even after overnight
coincubation in MG132 and GUS staining solution (see Materials and
methods). In addition, the epidermal and sub-epidermal expression of
RGA::GFP:RGA, a well-characterized GFP-based reporter (Calderon-
Villalobos et al., 2006), was unaffected by the treatment (Figs. 3G, H).
Unexpectedly, however, MG132 treatment of SUB::SUB:EGFP seedlings
resulted in loss of reporter signal (Figs. 3I, J), discernible from an
approximate time point of 3h. This result indicates that SUB undergoes
posttranscriptional regulation.
SUB functions in a non-cell-autonomous fashion
SUB is required for integument initiation and morphogenesis, the
orientation of the cell division plane and cell morphogenesis in the L2
layer of a stage 3 ﬂower (Chevalier et al., 2005) (Supplemental Fig. S3),
and root hair patterning in the root epidermis (Kwak et al., 2005;
Kwak and Schiefelbein, 2007). Interestingly, SUB::SUB:EGFP reporter
activity in ﬂowers, ovules, and roots was not detected in the cells that
show an altered phenotype in sub mutants. These ﬁndings raised the
possibility that SUB functions in a non-cell-autonomous manner.
To gain additional evidence for non-autonomy of SUB function we
assayed transgenic sub-1 plants expressing a SUB:GFP reporter gene
under the control of different well-characterised promoters, for rescue
of the mutant phenotype in above-ground tissues. As a ﬁrst basic test
we used the promoter of the AINTEGUMENTA (ANT) gene and
constructed an ANT::SUB:GFP reporter (Fig. 4). While ANT and SUB
expression patterns largely overlap there are some noteworthy
distinctions. In the inﬂorescencemeristem ANT is detected throughout
the ﬂower primordia and developing ﬂoral organs, but is not observed
in the central zone and interior L3 or deeper layers (rib zone) of the
inﬂorescence meristem (Elliott et al., 1996; Long and Barton, 2000).
During ovule development ANT expression can be seen throughout
stage 1 ovules but subsequently becomes restricted to the chalaza,
developing integuments, and the distal part of the funiculus (Elliott
et al., 1996; Balasubramanian and Schneitz, 2000). A set of ANT::SUB:
GFP sub-1 transgenic plants were generated and assayed for rescue of
the sub-1 phenotype. Precluding the small reduction in stamen
Fig. 3. Effect of BFA and MG132 treatments on SUB::SUB:EGFP reporter expression. Root
images were generated from 4-day old Arabidopsis seedlings. (A–F) BFA treatments of
SUB::SUB:EGFP sub-1 seedlings. The FM4-64 stain was used to mark the outlines of all
cells in a tissue (B, C, E, F). The signals from the EGFP and FM4-64 channels are shown in
green and red, respectively. Expression proﬁle of the SUB:EGFP fusion protein in an
untreated root (A, C), and after a 30-minute treatmentwith 100 μg/ml of BFA (D, F). (G–P)
MG132 treatments. All reporters were analyzed in a Ler background. (G, H) Expression
proﬁle of the RGA::GFP:RGA reporter in an untreated root (G) and after 4-h treatment
with 50 μM of MG132, respectively (H). (I, J) Expression proﬁle of the SUB:EGFP fusion
protein in an untreated root (I), and after 4-h treatment with 50 μM of MG132 (J). (K–N)
Bright ﬁeld images of root specimens expressing the GFP:RGA (K, L) and SUB:EGFP fusion
proteins (M, N), respectively. (O, P) DIC images of the expression proﬁle of the SUB::CDB:
GUS transgene in an untreated (O), and MG132-treated root (P). Scale bars: 25 μm.
Fig. 4. Analysis of ANT::SUB:GFP sub-1 plants. The individual genotypes are indicated.
The FM4-64 stain was used to mark the outlines of all cells in a tissue. The signals from
the GFP and FM4-64 channels are shown in green and red, respectively. (A, B) Mid-
longitudinal optical section through a young stage 2-III ovule. A strong ANT::SUB:GFP
signal is observed in subepidermal tissue of the chalaza. Weaker signal is seen in the
chalazal epidermis where the integuments initiate (arrowhead). (C) Stature of 31 days
old plants. The sub-1 plant carrying the ANT::SUB:GFP transgene (left) resembles the
wild-type plant (right). (D, E) Horizontal optical section depicting ANT::SUB:GFP activity
in the inﬂorescence apex of 3–4 weeks old plants. Stack: 37 planes of optical sections
separated by 1.5 μm, n=24, 36 μm from top of apex. Reporter activity is broadly detected
in the ﬂoral primordia but not in the center of the inﬂorescence meristem. (F, G) Main
stems of 30 days old plants. (G) The stem looks normal. (H, I) Stage 14 ﬂowers. (I) Floral
morphology appears normal. (L, M) Scanning electron micrographs of stage 4 ovules.
(M) The ovules appear normal. (J, K) Scanning electron micrographs showing carpels
from stage 13 ﬂowers. (K) The carpel appears normal. Abbreviations: ii, inner
integument; oi, outer integument; TG, ANT::SUB: GFP. Scale bars: (A, B, D, E) 10 μm,
(F–I) 0.5 mm, (L, M) 20 μm, (J, K) 100 μm.
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the ANT::SUB:GFP construct could rescue the sub-1 phenotype (Fig. 4,
Table 1). The reporter was detected in an expected ANT expression
pattern for the ovule (Figs. 4A, B). Interestingly, and although a signal
could be regularly seen, reporter activity was variable in the L1 layer of
stage 2 ovules, including the developing integuments (see Discussion).
This contrasts with the sharp expression boundaries observed in other
tissues andwith all other SUB protein reporters. In addition, ANT::SUB:
GFP activity could be detected in all cell layers of the developing ﬂoralprimordia (Figs. 4D, E). As expected no signal was observed in the
central zone and the rib zone of the inﬂorescence meristem. These
results illustrate that expression of SUB:GFP in developing ﬂowers or
other tissues can compensate for the absence of SUB function in the
rib zone of the inﬂorescencemeristem of sub-1mutants. This supports
the notion that SUB acts in a non-autonomous fashion in the
inﬂorescence meristem. Further, ectopic expression of SUB through-
out the L1/L2 layers of developing ﬂowers and ovules has no apparent
detrimental effect on organ development.
Next we tested the promoter of WUSCHEL (WUS). Expression of
WUS in the inﬂorescence meristem is restricted to a small group of
cells beneath the L2 (Mayer et al., 1998). During early ﬂower
development, WUS expression can be monitored up to ﬂoral stage 6.
Strong WUS expression is found in a small group of cells underneath
the L2, but expression can regularly be seen in the L2 as well (Mayer
et al., 1998; Schoof et al., 2000; Lohmann et al., 2001; Lenhard et al.,
2002). During ovule developmentWUS expression is only detected in
the developing nucellus during ovule stages 1 and 2 and becomes
undetectable around stage 3 (Gross-Hardt et al., 2002; Sieber et al.,
Fig. 5. Analysis of WUS::SUB:GFP sub-1 plants. The individual genotypes are indicated.
The FM4-64 stain was used to mark the outlines of all cells in a tissue. The signals from
the GFP and FM4-64 channels are shown in green and red, respectively. (A, B, D–G)
WUS::SUB:GFP activity detected in the inﬂorescence apices of 3–4 weeks old plants.
(A, D) Horizontal optical section. Stack: 40 planes of optical sections separated by 1.5 μm,
n=22, 33 μm from top of apex. (B, E) Horizontal optical section. Stack: 40 planes of
optical sections separated by 1.5 μm, n=20, 30 μm from top of apex. (F, G) Reconstructed
longitudinal sections at the levels indicated in panels D and E, respectively. (A, D, F) A
transgenic line (#188) exhibiting a narrow signal in the center of the apex. (B, E, G) A
transgenic line (#153) exhibiting a broad signal in the center of the apex. (C) Plant
stature of 31 days old plants. The WUS::SUB:GFP sub-1 plant (left) exhibits a somewhat
reduced height compared towild-type (right). (H, I) Main stems of 30 days old plants. (I)
The stem looks normal. (J, K) Mid-longitudinal optical section through a stage 2-III
ovule. The WUS::SUB:GFP signal is restricted to the nucellus. The inset in panel J shows
an example of the signal being restricted to the nucellar epidermis (line 52). (L, M)
Scanning electron micrographs showing carpels from stage 13 ﬂowers. (M) The carpel
appears kinked. (N, O) Scanning electron micrographs of stage 4 ovules. Note the more
advanced development of outer integuments of WUS::SUB:GFP sub-1 plants (O)
compared to sub-1 plants (N). (P, Q) Stage 14 ﬂowers. (Q) Floral morphology is
abnormal. Abbreviations: ii, inner integument; nu, nucellus; oi, outer integument; TG,
WUS::SUB:GFP. Scale bars: (A, B, D–G, J, K) 10 μm, (H, I, P, Q) 0.5 mm, (L, M) 100 μm,
(N, O) 20 μm.
267R.K. Yadav et al. / Developmental Biology 323 (2008) 261–2702004). Thus, by analysing WUS::SUB:GFP sub-1 lines we aimed at
testing if nucellar expression of SUB:GFP was sufﬁcient for rescuing
the outer integument defect of sub-1. In addition, we examined if
restricting SUB:GFP expression to a group of cells beneath the L2 of the
inﬂorescence meristem, would affect stem development. The expres-
sion of WUS in the L2 of ﬂoral meristems precluded a rescue study of
the L2 cell division defects in ﬂoral meristems. WUS::SUB:GFP sub-1
lines were generated and analysed for stem, ﬂower and ovule
phenotypes (Fig. 5).
We examined 19 independent lines that exhibited WUS::SUB:GFP
expression that included the ready occurrence of expression in several
L2 cells of stage 3 ﬂowers (not shown). Eleven of those 19 lines
showed no phenotypic rescue, while eight lines showed some rescue
of stem morphology, stem height and ovule development. We
analysed two lines of each group in more detail (lines 164 and 188
and lines 52 and 153, respectively). Representatives of non-rescuing
plants showed a relatively narrow WUS::SUB:GFP expression domain
in the inﬂorescencemeristem (Figs. 5A, D, F). In addition, expression in
the ovules was only detectable in the nucellar epidermis (not shown).
By contrast, the representatives of the eight lines exhibiting partial
phenotypic rescue showed a comparably broad WUS::SUB:GFP
expression in the inﬂorescence meristem that more closely resembled
the SUB::SUB:GFP pattern (Figs. 5B, E, G). This expression appears
sufﬁcient to partially rescue plant height and to rescue stem twisting
(Figs. 5C, H, I). It indicates that expression of SUB in a group of cells
beneath the L2 in the inﬂorescence meristem can rescue many of the
stem abnormalities of sub-1. In regard to ovules about 50% of the stage
2 ovules exhibited the expected nucellar expressionwhile in the other
50% a signal was only seen in the nucellar epidermis (Figs. 5J, K).
Correspondingly, about 50% of ovules exhibited partial rescue of
integument development (Figs. 5N, O) (line 52: 41% ovules with
partial rescue, n=233; line 153: 65%, n=235). This indicates that SUB:
GFP expression in the nucellus is largely sufﬁcient to direct outer
integument development in ovules of sub-1mutants. In contrast, SUB:
GFP expression restricted to the nucellar epidermis appears insufﬁ-
cient to rescue the integument defects of sub-1 mutants. This result
could imply that SUB signaling cannot act laterally within a cell layer.
One reason for the failure of the WUS::SUB:GFP construct to fully
rescue the sub-1 ovule phenotype could reside in the observation that
WUS expression becomes inactive around ovule stage 3 (Gross-Hardt
et al., 2002). In addition, several cells separate the nucellus and the
outer integument. Perhaps SUB signaling may barely extend to this
distance. Most ﬂoral defects, such as petal twisting or carpel shape,
were still present in all 19 lines (Figs. 5P, Q). This result is most likely
due to the absence of WUS expression in ﬂowers after ﬂoral stage 6.
The observed expression pattern of the SUB::SUB:EGFP reporter
indicates that SUB-mediated signaling affects cellular morphogenesis
of cell layers overlaying the SUB expression domain in stage 3 ﬂowers
and stage 2 ovules. Experiments involving the ANT::SUB:GFP sub-1
plants indicated that a broad expression of SUB:GFP in primordia,
which included the L1/L2/L3 layers, does not interfere with develop-
ment, at least not at the gross-morphological level of stems, ﬂowers,
and ovules. What then happens to sub-1 plants that express SUB:GFP
in an epidermis-speciﬁc manner? To investigate this issue we
generated transgenic sub-1 plants carrying a SUB:GFP construct
under the control of the promoter of the MERISTEM LAYER 1 (ML1)
gene (Fig. 6). ML1 is expressed in the epidermis of developing
embryos, the L1 layer of shoot and ﬂoral meristems, and in the
epidermis of developing ﬂoral organs, including ovules (Lu et al., 1996;
Sessions et al., 1999). The expected epidermal ML1::SUB:GFP reporter
expressionwas detected in both sub-1 (Figs. 6A, B, D, E) and wild-type
plants (not shown). None of our transgenic lines showed ectopic
expression of the reporter in subepidermal tissues.ML1::SUB:GFP sub-
1 plants carried fertile ovules with wild-type morphology, normal
ﬂowers, and a regular stem. These results indicate that the ML1::SUB:
GFP construct can rescue the sub-1 phenotype at the organ-level.To test if the transgene could rescue sub-1 cellular defects of internal
cell layers we analysed the cellular morphology of stage 3 ﬂowers and
30-days-old stems of ML1::SUB:GFP sub-1 plants. Interestingly, the L2
cellular defects of sub-1 stage 3 ﬂowers (Chevalier et al., 2005)
Fig. 6. Analysis of ML1::SUB:GFP sub-1 plants. The individual genotypes are indicated.
The FM4-64 stain was used to mark the outlines of all cells in a tissue. The signals from
the GFP and FM4-64 channels are shown in green and red, respectively. (A, B) Mid-
longitudinal optical section through a stage 2-III ovule. The ML1::SUB:GFP signal is
restricted to the epidermis. (C) Plant stature of 31 days old plants. A sub-1 plant carrying
the ML1::SUB:GFP transgene (left) resembles the wild-type plant (right). (D, E) Mid-
longitudinal optical section through a young stage 3 ﬂower. ML1::SUB:GFP activity is
only observed in the epidermis. (F, G) Stage 14 ﬂowers. (G) Floral morphology appears
normal. (H, I) Scanning electron micrographs showing carpels from stage 13 ﬂowers. (I)
The carpel appears normal. (J, K) Scanning electron micrographs of stage 4 ovules. (K)
The ovules appear normal. (L, M) Main stems of 30 days old plants. (M) The stem looks
normal. (N–P) Cellular phenotype in stems from 30 days old plants. Sections were
obtained from tissue located 1 cm above the branch point of the ﬁrst secondary
inﬂorescence. (O) In ML1::SUB:GFP sub-1 plants the overall morphology of epidermal
and cortex cells is normal compared to sub-1 (N). In addition, the circumference of the
stem is smooth as opposed to an irregular appearance in sub-1. Abbreviations: TG,ML1::
SUB:GFP. Scale bars: (A, B, D, E) 10 μm, (F, G, L, M) 0.5 mm, (J, K) 20 μm, (H, I) 100 μm, (N–
P) 100 μm.
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Furthermore, the size and shape of epidermal, cortex and pith cells
appeared normal in ML1::SUB:GFP sub-1 stems (Figs. 6N–P), although
their numbers were still aberrant (not shown).
Discussion
SUB undergoes post-transcriptional regulation
Direct probing of the SUB expression pattern by in situ hybridisa-
tion (Chevalier et al., 2005; Kwak et al., 2005) and analysis of the SUB::CDB:GUS and SUB::SUB:EGFP reporters (this study) suggests a
difference between the spatial mRNA and protein expression patterns
of SUB in developing ovules, ﬂower primordia and roots. In particular,
the spatial distribution of SUB protein is more restricted when
compared to the SUB mRNA distribution in those tissues as SUB::SUB:
EGFP reporter activity is mostly detected in central and deeper layers
of the organs assayed. The SUB::CDB:GUS expression pattern presented
in this study is identical to the reported spatial distribution of SUB
transcripts as demonstrated by in situ hybridisation assays (Chevalier
et al., 2005; Kwak et al., 2005). These ﬁndings indicate that the cis-
regulatory elements included in the SUB::CDB:GUS and SUB::SUB:EGFP
reporter constructs are sufﬁcient for normal SUB expression. Further-
more, the SUB::SUB:EGFP transgene encodes a biologically active SUB:
EGFP fusion protein as indicated by the plasmamembrane localisation
of the fusion protein and the essentially wild-type appearance of SUB::
SUB:EGFP sub-1 plants, at both the plant and organ level, and a cellular
level in ﬂoral meristems.
A challenging question remains as to themechanism that regulates
the apparent difference in the gene and protein expression patterns of
SUB? Apart from the expression analysis of the SUB::CDB:GUS and
SUB::SUB:EGFP reporters the results from the MG132 treatments
(Fig. 3) provide evidence that SUB is regulated posttranscriptionally.
The unaltered expression pattern of the SUB::CDB:GUS reporter in
MG132-treated roots indicates that transcription at the SUB promoter
still occurs under these conditions. In addition, both GUS and GFP:RGA
activity could be detected in these experiments showing that the
control of protein translation and/or stability is not noticeably
impaired. Speciﬁcally, it is the SUB::SUB:EGFP reporter signal that
becomes undetectable upon the addition of MG132. This ﬁnding
provides evidence that SUB is regulated at the posttranscriptional
level and that a MG132-sensitive mechanism positively regulates SUB
protein levels in the stele. MG132 could for example block a
proteolytic activity that normally degrades an inhibitor of SUB
translation or an activator of SUB degradation.
Despite several lines of investigation, no mechanism has been
demonstrated for the absence of detectable SUB::SUB:EGFP reporter
signal in some tissue layers where SUB transcript is evident. Never-
theless, one simple interpretation of the data assumes that SUB is
broadly transcribed but posttranscriptional regulation of SUB results in
a block of translation. In interior tissues, such as the stele, a tissue-
speciﬁc andMG132-sensitivemechanism overcomes this translational
inhibition and allows the synthesis of the SUB protein. This model
could also accommodate the intriguing ﬁnding that ANT:SUB:GFP or
ML1::SUB:GFP activity is detectable in the L2 and/or L1, respectively,
of ﬂoral meristems and ovule primordia, but not the activity of the
SUB::SUB:EGFP reporter. Microarray data indicate that the ANT and
ML1 promoters are stronger than the SUB promoter (Zimmermann et
al., 2004; Schmid et al., 2005). Higher transcript levels of the ANT::SUB:
GFP orML1::SUB:GFP reporter genes could sufﬁce to overcome a block
in translation. The variable expression levels of SUB:GFP in the chalazal
epidermis of ANT::SUB:GFP sub-1 plants may support this hypothesis.
At least in the root transcriptional control could also be at work. In this
organ, SUB::CDB:GUS activity is consistently detectable in the stele but
appears weaker and more variable in the cortex and epidermis (Fig.
1V). A similar result was found when SUB expression in the root was
assessed by in situ hybridisation and SUB::GFP or SUB::GUS reporter
activity (Kwak et al., 2005).
In alternative scenarios SUB function could rely on rapid layer-
speciﬁc degradation or internalization of the SUB protein in tissues
such as the root cortex and epidermis or the L1/L2 layers of youngﬂoral
meristems. Our evidence, however, does not support these models.
First, MG132 treatment did not result in detectable reporter signal in
the endodermis, cortex and root epidermis indicating that SUB is not
degraded by a MG132-sensitive mechanism in these tissues. Second,
while BFA treatment resulted in FM4-64-labelled BFA compartments
in cells of the endodermis, cortex and root epidermis, the SUB::SUB:
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reporter signal also remained unaltered in SUB::SUB:EGFP seedlings
treated with Wortmannin, which inhibits the fusion of prevacuolar
compartments (Emans et al., 2002) (not shown). Finally, we tried to
increase signal strength by fusing SUB to multiple copies of the GFP
variant VENUS. In no instance was the SUB::SUB:VENUS reporter
detected in tissues such as the L1 and L2 layers of stage 3 ﬂoral
meristems, developing integuments, and the epidermis, cortex and
endodermis of the root (data not shown). In summary, we can submit
no evidence to suggest that the SUB::SUB:EGFP reporter gene is
translated in the tested tissues and subsequently degraded or
internalized. Further, it is not insigniﬁcant that rescue and visibility
of the reporter signal are coupled, as demonstrated by the WUS::SUB:
GFP sub-1 study. Formally, however, we cannot exclude the possibility
that SUB protein is present in some tissues at levels undetectable by
our methods. Future work will address this important aspect of SUB
regulation.
SUB acts in a non-cell-autonomous fashion
In young ovules, ﬂowers and roots, the SUB::SUB:EGFP reporter was
not detected in cells that exhibit the mutant phenotype in sub plants.
In stage 2-I/III ovules, SUB::SUB:EGFP reporter activity was not
observed in the epidermal cells of the chalaza that undergo integu-
ment development (Figs. 1N, Q). In early stage 1 ovules, however, the
broad SUB::SUB:EGFP expression includes the prospective chalazal
epidermal cells (Fig. 1L). Thus, one could argue that SUB activity is
mainly required during ovule stage 1 and therefore SUB only indirectly
regulates the development of the outer integument. Interestingly,
however, in the chalazal epidermis of early stage 2 ovules the SUB::
SUB:EGFP reporter becomes ﬁrst undetectable in the cells that are
about to initiate integument development (Figs. 1N, Q), a process
accompanied by a speciﬁc and stereotypic cell division pattern
(Schneitz et al., 1995). In addition, restricting SUB:EGFP expression to
the developing nucellus using the WUS::SUB:EGFP transgene is
sufﬁcient to largely rescue integument development in sub-1 plants
(Figs. 5K, O). During ﬂoral stages 1–3 activity of the SUB::SUB:EGFP
reporterwas never detected in the centrally-locatedﬂoralmeristem L2
cells affected in sub mutants (Figs. 1H, J). In addition, expressing SUB:
EGFP under the control of the epidermis-speciﬁc ML1 promoter is
sufﬁcient to rescue thoseﬂoral divisionplane defects in sub-1 (Table 2).
In roots SUB::SUB:EGFP expressionwas detected in the stele while SUB
affects root hair patterning in the epidermis (Kwak et al., 2005). Root
expression of the SUB::SUB:EGFP reporter was assayed at several
postembryonic developmental stages but was never observed in the
root epidermis. Furthermore, SUB does not seem to be involved in
embryonic epidermal development in the root; rather the requirement
for SUB activity for root hair patterning becomes noticeable only at
three to four days after germination when the main root is dependent
on the activity of the root meristem (Kwak and Schiefelbein, 2007).
Stele-speciﬁc activity of the SUB::SUB:EGFP reporter, however, was
detected as early as two days after germination.
Taken together, the available data on SUB::SUB:EGFP expression
and sub-1 rescue experiments, using a set of different transgenes that
regulate SUB:EGFP expression by well-characterised promoters,
indicate that SUB affects outer integument morphogenesis in ovules,
the orientation of the cell division plane in L2 cells in young ﬂowers,
and root hair cell patterning in the root epidermis, in a non-cell-
autonomous manner.
SUB and the regulation of cell fate and morphogenesis across cell layers
The shape and the division plane of a dividing plant cell are linked
but how exogenous signals regulate these processes remains an open
area of research (Lynch and Lintilhac, 1997; Smith, 2001). Within a
tissue such problems intrinsically relate to how cells of differenthistogenic layers coordinate their development (Ingram, 2004). SUB::
SUB:EGFP reporter activity suggests that SUB is located in interior
tissues, such as rib zone cells in the stage 3 ﬂoral meristem, L2-derived
internal tissue in stage 2 ovules, and vasculature in roots. It further
indicates that SUB is involved in a signaling mechanism that acts in a
radial inside-out fashion. The evidence suggests that SUB signaling
acts at close-to-medium range, possibly across one to four cell
diameters, depending on the type and developmental stage of the
tissue. Interestingly, the experiments with the ML1::SUB:GFP sub-1
plants imply that there is no principal restriction on the radial
directionality of SUB signaling, at least not in stage 3 ﬂoral meristems
and stage 2 ovules. In addition, ovule development in ML1::SUB:GFP
sub-1 (Fig. 6K) is normal indicating that SUB can also function in a cell-
autonomous fashion. These experiments also indicate that apart from
SUB, most if not all, important elements of the SUB signaling
mechanism are present in the L1 layer of young ﬂowers and ovules.
Taken together the observations raise the puzzling issue as towhy SUB
protein expression is apparently restricted to interior layers. Perhaps it
relates to a hitherto unknown function of SUB. Given the known
cellular description of the sub mutant phenotype and the expression
data reported in this paper we propose the hypothesis that in wild-
type plants SUB participates in the regulation of cell shape and/or may
help to orient division planes of neighboring cells, in particular the L2
cells of stage 3 ﬂoral meristems and in L1 cells that are involved in
outer integument initiation. In the root meristem SUB does not appear
to be involved in cell shape/division plane control as the root
meristem maintains its regular morphology in sub mutants (Kwak
et al., 2005) (data not shown). Thus, the developmental role of SUB in
the root seems to speciﬁcally reside in the control of root hair fate in
the epidermis. A future challenge will be to explore the molecular
mechanisms that underlie the non-autonomy and range of SUB-
mediated signal transduction.
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